Immunoglobulins are heterodimeric proteins composed of two heavy (H) and two light (L) chains. They can be separated functionally into variable (V) domains that binds antigens and constant (C) domains that specify effector functions such as activation of complement or binding to Fc receptors. The variable domains are created by means of a complex series of gene rearrangement events, and can then be subjected to somatic hypermutation after exposure to antigen to allow affinity maturation. Each V domain can be split into three regions of sequence variability, termed the complementarity determining regions, or CDRs, and four regions of relatively constant sequence termed the framework regions, or FRs. The three CDRs of the H chain are paired with the three CDRs of the L chain to form the antigen binding site, as classically defined. There are five main classes of heavy chain C domains. Each class defines the IgM, IgG, IgA, IgD, and IgE isotypes. IgG can be split into four subclasses, IgG1, IgG2, IgG3, and IgG4, each with its own biologic properties; and IgA can similarly be split into IgA1 and IgA2. The constant domains of the H chain can be switched to allow altered effector function while maintaining antigen specificity.
Introduction
In 1890, von Behring and Kitasato reported the existence of an agent in the blood that could neutralize diphtheria toxin. The following year, reference was made to 'Antikörper', or antibodies, in studies describing the ability of the agent to discriminate between two immune substances. Subsequently, the substance which induces the production of an antibody was referred to as the 'Antisomatogen+Immunkörperbildner', or that agent which induces the antibody. The term antigen is a contraction of this term. Thus, an antibody and its antigen represent a classic tautology.
In 1939, Tiselius and Kabat used electrophoresis to separate immunized serum into albumin, alpha-goblulin, beta-globulin, and gamma-globulin fractions. Absorption of the serum against the antigen depleted the gamma-globulin fraction, yielding the terms gamma globulin, immunoglobulin (Ig), and IgG. "Sizing" columns were then used to separate immunoglobulins into those that were "heavy" (IgM), "regular" (IgA, IgE, IgD, IgG), and "light" (light chain dimers).
More than 100 years of investigation into the structure and function of immunoglobulin has only served to emphasize the complex nature of this protein. Typically, receptors bind to a limited and defined set of ligands. However, while individual immunoglobulin also bind a limited and defined set of ligands, immunoglobulins as a population can bind to a virtually unlimited array of antigens sharing little or no similarity. This property of adjustable binding depends on a complex array of mechanisms that alter the DNA of individual B cells. Immunoglobulins also serve two purposes: that of cell-surface receptors for antigen which permit cell signaling and cell activation and that of soluble effector molecules which can individually bind and neutralize antigens at a distance. The molecular mechanisms that permit these many and varied functions are the focus of this chapter.
Structural elements The immunoglobulin domain: the basic IgSF building block
Immunoglobulins (Igs) belong to the eponymous immunoglobulin super-family (IgSF). (1) (2) (3) They consist of two heavy (H) and two light (L) chains (Figure 1 ), where the L chain can consist of either a κ or a λ chain. Each component chain contains one NH2-terminal "variable (V) IgSF domain and one or more COOH-terminal "constant" (C) IgSF domains, each of which consists of two sandwiched β pleated sheets 'pinned' together by a disulfide bridge between two conserved cysteine residues. (1) Each V or C domain consists of approximately 110-130 amino acids, averaging 12,000-13,000 kDa. Both Ig L chains contain only one C domain, whereas Ig H chains contain either three or four such domains. H chains with three C domains tend to include a spacer hinge region between the first (C H 1) and second (C H 2) domains. A typical L chain will thus mass approximately 25 kDa, and a three C domain Cγ H chain with its hinge will mass approximately 55 kDa. Considerable variability is allowed to the amino acids that populate the external surface of the IgSF domain and to the loops that link the β strands. These solvent exposed surfaces offer multiple targets for docking with other molecules.
Antigen Recognition and the Fab
Early studies of Ig structure were facilitated by the use of enzymes to fragment IgG molecules. Papain digests IgG into two Fab fragments, each of which can bind antigen, and a single Fc fragment. Pepsin splits IgG into an Fc fragment and a single dimeric F(ab) 2 that can cross-link as well as bind antigens. The Fab contains one complete L chain in its entirety and the V and C H 1 portion of one H chain ( Figure 1 ). The Fab can be further divided into a variable fragment (Fv) composed of the V H and V L domains, and a constant fragment (Fb) composed of the C L and C H 1 domains. Single Fv fragments can be genetically engineered to recapitulate the monovalent antigen binding characteristics of the original, parent antibody. (4) Intriguingly, a subset of antibodies in a minority of species [camelids (5) , nurse shark (6)] lack light chains entirely and use only the heavy chain for antigen binding. While these unusual variants are not found in human, there are a number of ongoing attempts to humanize these types of antibodies for therapeutic and diagnostic purposes (e.g. (7)).
Paratopes, epitopes, idiotypes and isotypes
Immunoglobulin-antigen interactions typically take place between the paratope, the site on the Ig at which the antigen binds, and the epitope, which is the site on the antigen that is bound. In vivo, immunoglobulins tend to be produced against intact antigens in soluble form, and thus preferentially identify surface epitopes that can represent conformational structures that are noncontiguous in the antigen's primary sequence. This ability to identify component parts of the antigen independently of the rest makes it possible for the B cell to discriminate between two closely related antigens, each of which can be viewed as a collection of epitopes. It also permits the same antibody to bind divergent antigens that share equivalent or similar epitopes, a phenomenon referred to as cross-reactivity.
Immunization of heterologous species with monoclonal antibodies (or a restricted set of immunoglobulins) allowed the identification of both common and individual immunoglobulin antigenic determinants. Individual determinant(s), termed idiotype(s), are contained within V domains. Common determinants, termed isotypes, are specific for the constant portion of the antibody and allow grouping of immunoglobulins into recognized classes, with each class defining an individual type of C domain. Determinants common to subsets of individuals within a species, yet differing between other members of that species, are termed allotypes and define inherited polymorphisms that result from gene alleles. (8) 
Immunoglobulin gene organization and rearrangement
Ig heavy and light chains are each encoded by a separate multigene family, (9, 10) and the individual V and C domains are each encoded by independent elements: V(D)J gene segments for the V domain and individual exons for the C domains. The primary sequence of the V domain is functionally divided into three hypervariable intervals, termed complementarity determining regions (CDRs) that are situated between four regions of stable sequence termed frameworks (FRs) (Figure 1 ).
Immunoglobulin rearrangement
Each V gene segment typically contains its own promoter, a leader exon, an intervening intron, an exon that encodes the first three framework regions (FR 1, 2, and 3), CDRs 1 and 2 in their entirety, the amino terminal portion of CDR 3, and a recombination signal sequence (RSS). Each J (for joining) gene segment begins with its own recombination signal, the carboxy terminal portion of CDR 3, and the complete FR 4 ( Figure 1, Figure 2 ).
The creation of a V domain is directed by the recombination signal sequences (RSS) that flank the rearranging gene segments. Each RSS contains a strongly conserved seven base pair, or heptamer, sequence (e.g., CACAGTG) that is separated from a less well-conserved nine base pair, or nonamer, sequence (e.g., ACAAAACCC) by either a 12-or 23-base-pair spacer. These spacers place the heptamer and nonamer sequences on the same side of the DNA molecule, separated by either one or two turns of the DNA helix. A one turn recombination signal sequence (12 base pair spacer) will preferentially recognize a two turn signal sequence (23 base pair spacer), thereby avoiding wasteful V-V or J-J rearrangements.
Initiation of the V(D)J recombination reaction requires recombination activating genes 1 and 2 (RAG-1 and RAG-2), which are almost exclusively expressed in developing lymphocytes. (11) RAG-1 and RAG-2 introduce a DNA double-strand break (DSB) between the terminus of the rearranging gene segment and its adjacent recombination signal sequence. These breaks are then repaired by ubiquitously expressed components of a DNA repair process, known as nonhomologous end-joining (NHEJ), that are common to all cells of the body. Thus, while mutations of RAG affect only lymphocytes, loss or alteration-offunction mutations in NHEJ proteins yield susceptibility to DNA damage in all cells of the body. The NHEJ process creates precise joins between the RSS ends, and imprecise joins of the coding ends. Terminal deoxynucleotidyl transferse (TdT), which is expressed only in lymphocytes, can variably add non-germline encoded nucleotides (N nucleotides) to the coding ends of the recombination product.
Typically, the initial event in recombination will be recognition of 12-bp spacer RSS by RAG-1. RAG-2 then associates with RAG-1 and the heptamer to form a synaptic complex. Binding of a second RAG-1 and RAG-2 complex to the 23-bp, two-turn RSS permits the interaction of the two synaptic complexes to form what is known as a paired complex; a process that is facilitated by the actions of the DNA-bending proteins HMG1 and HMG2.
After paired complex assembly, the RAG proteins single strand cut the DNA at the heptamer sequence. The 3' OH of the coding sequence ligates to 5' phosphate and creates a hairpin loop. The clean cut ends of the signal sequences enable formation of precise signal joints. However, the hairpin junction created at the coding ends must be resolved by re-nicking the DNA, usually within four to five nucleotides from the end of the hairpin. This forms a 3' overhang that is amenable to further modification. It can be filled in via DNA polymerases, nibbled, or serve as a substrate for TdT-catalyzed N addition. DNA polymerase μ, which shares homology with TdT, appears to play a role in maintaining the integrity of the terminus of the coding sequence.
The cut ends of the coding sequence are then repaired by the non-homologous end joining proteins. NHEJ proteins involved in V(D)J recombination include Ku70, Ku80, DNA-PKcs, Artemis, XRCC4, and ligase 4. Ku70 and Ku80 form a heterodimer (Ku) that directly associates with DNA double-strand breaks to protect the DNA ends from degradation, permit juxtaposition of the ends to facilitate coding end ligation, and help recruit other members of the repair complex. DNA-PKcs phosphorylates Artemis, inducing an endonuclease activity that plays a role in the opening of the coding joint hairpin. Finally, XRCC4 and ligase 4 help rejoin the ends of the broken DNA. Deficiency of any one of these proteins creates sensitivity to DNA breakage and can lead to a SCID phenotype.
The κ locus
The κ locus is located on chromosome 2p11.2. (12) κ V domains represent the joined product of Vκ and Jκ gene segments (Figure 2 ), whereas the κ C domains is encoded by a single Cκ exon. The locus contains five Jκ and 75 Vκ gene segments upstream of Cκ (Figure 3 ). One third of the Vκ gene segments contain frameshift mutations or stop codons that preclude them from forming functional protein, and of the remaining sequences less than 30 of the Vκ gene segments have actually been found in functional immunoglobulins. V gene segments can be grouped into families on the basis of sequence and structural similarity. (13, 14) There are six such families for Vκ.
Each active Vκ gene segment has the potential to rearrange to any one of the five Jκ elements, generating a potential 'combinatorial' repertoire of more than 140 distinct VJ combinations. The Vκ gene segment contains FR1, −2, and −3, CDR1 and −2, and the amino terminal portion of CDR3; whereas the Jκ element contains the carboxy terminus of CDR3 and FR4 in its entirety. The terminus of each rearranging gene segment can undergo a loss of 1 to 5 nucleotides during the recombination process, yielding additional 'junctional' diversity. In human, TdT can introduce random N nucleotides to either replace some or all of the lost Vκ or Jκ nucleotides, or to add to the original germline sequence. (15) Each codon created by N addition increases the potential diversity of the repertoire 20-fold. Thus, the initial diversification of the κ repertoire is focused at the VJ junction that defines the light chain CDR3, or CDR-L3.
The λ locus
The λ locus, on chromosome 22q11.2, contains four functional Cλ exons, each of which is associated with its own Jλ ( Figure 3 ). Vλ genes are arranged in three distinct clusters, each containing members of different Vλ families. (16) Depending on the individual haplotype, there are approximately 30-36 potentially functional Vλ gene segments and an equal number of pseudogenes.
During early B cell development, H chains form a complex with unconventional λ light chains, known as surrogate or pseudo light chains (ΨLC), to form a pre-B cell receptor. The genes encoding the ΨLC proteins, λ14.1 (λ5) and V preB , are located within the λ light chain locus on chromosome 22. Together, these two genes create a product with considerable homology to conventional λ light chains. A critical difference between these unconventional ΨLC genes and other L chains is that 14.1 and V preB gene rearrangement is not required for ΨLC expression. The region of the ΨLC that corresponds to CDR-L3 covers CDR-H3 in the pre-B cell receptor, allowing the pre-B cell to avoid antigen-specific selection.(17)
The H chain locus
The H chain locus, on chromosome 14q32.33, is considerably more complex than the light chain clusters. The ∼80 V H gene segments near the telomere of the long arm of chromosome 14 can be grouped into seven different families of related gene segments. (18) While combinatorial joining of individual V, D, and J gene segments maximizes germlineencoded diversity, the junctional diversity created by VDJ joining is the major source of variation in the pre-immune repertoire ( Figure 4) . First, D H gene segments can rearrange by either inversion or deletion, and each D H can be spliced and translated in each of the three potential reading frames. This gives each D H gene segment the potential to encode six different peptide fragments. Second, the rearrangement process proceeds through a step that creates a hairpin ligation between the 5' and 3' termini of the rearranging gene segment. Nicking to resolve the hairpin structure leaves a 3' overhang that creates a palindromic extension, termed a P junction. Third, the terminus of each rearranging gene segment can undergo a loss of one to several nucleotides during the recombination process. Fourth, TdT can add numerous N nucleotides to replace or add to the original germline sequence. N nucleotides can be inserted between the V and the D, as well as between the D and the J. The imprecision of the joining process and variation in the extent of N addition permits generation of CDR-H3s of varying length and structure. As a result, more than 10 10 different H chain VDJ junctions, or CDR-H3s, can be generated at the time of gene segment rearrangement. Taken as a whole, somatic variation in CDR3, combinatorial rearrangement of individual gene segments and combinatorial association between different L and H chains can yield a potential pre-immune antibody repertoire of greater than 10 16 different immunoglobulins.
Class switch recombination (CSR)
Located downstream of the VDJ loci are nine functional CH genes ( Figure 3 ). (20) These constant genes consist of a series of exons, each encoding a separate domain, hinge, or terminus. All CH genes can undergo alternative splicing to generate two different types of carboxy termini: either a membrane terminus that anchors immunoglobulin on the B lymphocyte surface or a secreted terminus that occurs in the soluble form of the immunoglobulin. With the exception of C H 1δ, each C H 1 constant region is preceded by both an exon that cannot be translated (an I exon) and a region of repetitive DNA termed the switch (S). Cocktails of cytokine signals transmitted by T cells or other extracellular influences variably activate the I exon, initiating transcription and thus activating the gene. Through recombination between the Cμ switch region and one of the switch regions of the seven other H chain constant regions (a process termed class switching or class switch recombination [CSR]), the same VDJ heavy chain variable domain can be juxtaposed to any of the H chain classes. (20) This enables the B cell to tailor both the receptor and the effector ends of the antibody molecule to meet a specific need.
Somatic hypermutation (SHM)
A final mechanism of immunoglobulin diversity is engaged only after exposure to antigen. With T cell help, the variable domain genes of germinal center lymphocytes undergo somatic hypermutation (SHM) at a rate of up to 10 −3 changes per base pair per cell cycle.
SHM is correlated with transcription of the locus and in human two separate mechanisms are involved: the first mechanism targets mutation hot spots with the RGYW (purine/G/ pyrimidine/A) motif (21) and the second mechanism incorporates an error-prone DNA synthesis that can lead to a nucleotide mismatch between the original template and the mutated DNA strand. (22) Other species use gene conversion between functional and nonfunctional V sequences to introduce additional somatic diversity. SHM allows affinity maturation of the antibody repertoire in response to repeated immunization or exposure to antigen.
Activation-induced cytidine deaminase (AID)
AID plays a key role in both CSR and SHM. (11, 23) AID is a single strand DNA (ssDNA) cytidine deaminase that can be expressed in activated germinal center B cells. (24) Transcription of an immunoglobulin V domain or of the switch region upstream of the C H 1 domain opens the DNA helix to generate ssDNA that can then be deaminated by AID to form mismatched dU/dG DNA base pairs. The base excision repair protein uracil DNA glycosylase (UNG) removes the mismatched dU base, creating an abasic site. Differential repair of thie lesion leads to either SHM or CSR. The mismatch repair (MMR) proteins MSH2 and MSH6 can also bind and process the dU:dG mismatch. Deficiencies of AID, UNG underlie some forms of the hyper-IgM syndrome.
Generation of immunoglobulin diversity occurs at defined stages of B cell development
Creation of immunoglobulin diversity is hierarchical. In pro-B cells, D H →J H joining precedes V H →DJ H rearrangement and V L →J L joining takes place at the late pre-B cell stage. Production of a properly functioning B cell receptor is essential for development beyond the pre-B cell stage. For example, function-loss mutations in RAG-1/2 and DNA dependent protein kinase (DNA-PKcs, Ku 70/80) preclude B cell development, as well as T cell development, leading to severe combined immune deficiency. In-frame, functional VDJ h rearrangement allows the pro-B cell to produce μ H chains, most of which are retained in the endoplasmic reticulum. The appearance of cytoplasmic μ H chains defines the pre-B cell.
Pre-B cells whose μ H chains can associate VpreB, and λ14. 1 [λ5] , which together form the surrogate light chain (ψLC), form a pre-B cell receptor. Its appearance turns off RAG1 and RAG2, preventing further H chain rearrangement (allelic exclusion). This is followed by four to six cycles of cell division (25) . Late pre-B daughter cells reactivate RAG1 and RAG2 and begin to undergo V l →J l rearrangement. Successful production of a complete κ or λ light chain permits expression of conventional IgM on the cell surface (sIgM), which identifies the immature B cell. Immature B cells that have successfully produced an acceptable IgM B cell receptor extend transcription of the H chain locus to include the Cδ exons downstream of Cμ. Alternative splicing permits co-production of IgM and IgD. These now newly mature IgM + IgD + B cells enter the blood and migrate to the periphery where they form the majority of the B cell pool in the spleen and the other secondary lymphoid organs. The IgM and IgD on each of these cells share the same variable domains.
The life span of mature B cells expressing surface IgM and IgD appears entirely dependent on antigen selection. After leaving the bone marrow, unstimulated cells live only days or a few weeks. As originally postulated by Burnet´s "clonal selection" theory, B cells are rescued from apoptosis by their response to a cognate antigen. The reaction to antigen leads to activation, which may then be followed by diversification. The nature of the activation process is critical. T cell independent stimulation of B cells induces differentiation into short-lived plasma cells with limited class switching. T-dependent stimulation adds additional layers of diversification, including somatic hypermutation of the variable domains, which permits affinity maturation, class switching to the entire array of classes available, and differentiation into the long-lived memory B cell pool or into the long-lived plasma cell population.
Heavy chain C domain structure and function
In general, the C domain of the H chain defines effector function, while the paired V domains of the antibody confer antigenic specificity. The H chain constant domain is generally defined as CH1-CH2-CH3 (IgG, IgA, IgD) with an additional domain (CH4) for IgM and IgE. As described above, the CH1 domain is located within the F(ab) region whereas the remaining CH domains (CH2-CH3 or CH2-CH4) comprise the Fc fragment. This Fc fragment defines the isotype and subclass of the immunoglobulin. Despite amino acid differences between the isotypes and subclasses, each CH region folds into a fairly constant structure consisting of a three strand-four strand beta sheet pinned together by an intrachain disulfide bond. The Fc fragment mediates effector function by binding to the Fc receptor on effector cells or activating other immune mediators such as complement. (26) For this reason, changes in the Fc region can significantly impact on the end result of an antibody-antigen interaction. The Fc region can also affect the affinity or kinetics of binding of the antibody by the Fv region, and thus influence antigen recognition or binding. (27) 
Role of glycosylation
Immunoglobulins are glycoproteins and the glycans associated especially with the Fc domain of immunoglobulins have been shown to affect antibody function. The extent of glycosylation varies by isotype ( Figure 6 ).(28) For IgG molecules, there is an N-linked glycosylation site located at Asn297 on each of the two CH2 domains. The core of this complex biantennary type of sugar is a heptasaccharide consisting of N-acetylglucosamine and mannose. Variation in glycosylation is seen between IgG molecules as well as within the two sites on the same molecule due to differences in terminal sialic acid, galactose, Nacetylglucosamine and fucosylation of the core. These differences can lead to as many as 32 possible glycosylation patterns. The glycans at this site interact with a hydrophobic pocket on the Fc domain that stabilizes the immunoglobulin structure. (29, 30) . At a similar site in CH2 of IgD, Asn354, mutations that prevent glycosylation are associated with the loss of IgD production, suggesting that glycans in CH2 can be essential for immunoglobulin stability.
Glycans on immunoglobulins profoundly influence binding to Fc receptors on effector cells as well as immune mediators. When IgG sequences are mutated such that glycosylation is eliminated, there is reduced or no binding of the aglycosylated IgG to FcγR. This led to the suggestion that the N-glycan at Asn297 was critical for the engagement of IgG with FcγR. This is in contrast to engagement between IgA and IgE and FcαR and FcεR, respectively, where it had been shown that glycans were not required for interaction. Subsequently, it was shown that point mutations could be introduced to the CH domains that would permit binding to FcγR in the absence of glycosylation.(31) However, the observation that the Asn297 site is conserved across evolution and that IgG is subjected to post-translational modifications at this site suggests that glycosylation at this position makes a significant contribution to antibody function in vivo.
A key effector function for IgG antibodies is antibody-dependent cellular cytotoxicity (ADCC) in which antibody coated antigens activate effector cells, such as NK cells or monocytes, to destroy the antibody coated target by binding of the complex to the FcγR. The ADCC activity was shown to be significantly dependent on the glycan composition of the IgG and furthermore, the net result of binding to activating and inhibitory FcγR. A number of engineered cell lines as well as glycosidase inhibitors are available to direct the sugar composition of glycans on an immunoglobulin. Through these studies, it was demonstrated that ADCC activity increases following a reduction in the fucose content of an antibody. (32, 33) Complement dependent cytotoxicity (CDC) is another effector function of IgG that is dependent on the binding of C1q to the Fc domain. Glycosylation also plays a role in CDC, requiring the presence of a complex structure containing at least two N-acetylglucosamines with multiple galactoses and sialic acids.
There are also experiments of nature in which aberrantly glycosylated immunoglobulins are associated with detrimental effects. For example, higher than normal levels of IgG lacking sialic acid or galactose are found in patients suffering from a number of autoimmune diseases, rheumatoid arthritis in particular. N-glycans terminate with N-acetylglucosamine which may activate the complement cascade through mannose binding lectin (MBL) and create an inflammatory state.(34) Removal of the majority of the secondary glycan structure using Endo-S (one N-acetylglucosamine and/or a terminal fucose remains with the core sugar) has been shown to reduce the pathogenesis and pro-inflammatory properties of autoantibodies in murine models (35) . This is not limited to IgG as a reduction in terminal galactose on IgA has been associated with decreased clearance of IgA from the circulation, with the subsequent development of nephropathy.
IVIG can be used in selected circumstances to ameliorate inflammatory diseases. The antiinflammatory activity of IVIG has shown to be associated with sialic acid in a 2,6 linkage to a terminal galactose on IgG. Recently, a receptor specific to this sialyated Fc has been identified on myeloid cells.(36) Engagement of this receptor with sialyated IgG may upregulate inhibitory FcγR to reduce inflammation by means of IgG/activating FcγR engagement.
Immunoglobulin glycosylation may also alter other antibody functions. For example,, it has been shown that an anti-HIV antibody that fails to neutralize acquires neutralization activity when expressed in a cell line that results in post-translational modification of an antibody with a marked elevation in sialic acid, fucose and N-acetylglucosamine. (37) It is hypothesized that it is the glycan interactions between the antibody and virus interfere with the normal infection process.
O-linked glycans also play a pivotal role in the immune response. There are several potential O-linked sites in the hinge region of IgD and IgA antibodies which serve to protect the hinge from proteases and/or bind bacteria. Understanding the impact of differential glycosylation on immunoglobulin function is contributing to the design of more effective immunotherapies through either engineered passive immunotherapy 4 or in vivo treatment with glycan modifiers. (38) 
Heavy Chain Isotypes
Early in B cell development, productively rearranged variable domains (VH and VL) are expressed in association with the μ heavy chain to produce IgM, and then IgD by means of alternative splicing. Later during development, and in response to antigenic stimulation and cytokine regulation, these variable domains may associate with the other isotypes (IgG, IgA and IgE) in a controlled process. That is, isotype switching does not occur merely by chance. The CH genes for each isotype are aligned in the same transcriptional orientation, on human chromosome 14. Isotypes differ in a number of properties including size, complement fixation, FcR binding and the isotype response to antigen. The choice of isotype is dependent upon the antigen itself and the signaling pathways that are activated, as well as the local microenvironment (summarized in Table 1 ).
IgM-IgM is the first immunoglobulin expressed during B cell development. Naïve B cells express monomeric IgM on their surface and associate with CD79a and CD79b, polypeptide chains that participate in IgM cell signaling. Upon maturation and antigenic stimulation, multimeric (usually pentameric, rarely hexameric) IgM, in which single IgM units link to each other by disulfide bonds in the CH4 region, is secreted. The pentamer also contains a polypeptide chain, the J-chain, which is bound to two of the monomers by means of a disulfide bond. The J-chain facilitates secretion at mucosal surfaces (see below). Generally, while monomeric IgM molecules have low affinity due to their immaturity; high avidity can be attained by means of multimeric interactions between the pentameric secreted antibody and the antigen, especially if that antigen contains multiple repeating epitopes itself. IgM functions by opsonizing (coating) antigen for destruction and fixing complement. The pentameric nature of the antibody renders it very efficient in this process.
IgM antibodies are associated with a primary immune response and are frequently used to diagnose acute exposure to an immunogen or pathogen. Given that IgM is expressed early in B cell development, the μ heavy chain associates with VH and VL that have not undergone much somatic mutation in response to antigen. As a result, IgM antibodies tend to be more poly-reactive than other isotypes, which allows IgM-bearing B cells to respond quickly to a variety of antigens. These relatively low-affinity IgM antibodies are also called natural antibodies. Some of these natural antibodies not only participate as a first line of defense, but also play a role in immunoregulation.(39) Natural antibodies may react with autoantigens, but are rarely responsible for autoimmune disease or pathogenesis. Pathogenic autoantibodies tend to be drawn from the somatically mutated, high affinity IgG population.
IgD-Circulating
IgD is found at very low levels in the serum with a short serum half-life which may be attributed to sensitivity of the molecule, with the hinge region in particular, to proteolysis. The function of circulating IgD is unclear, as it is not known to participate in the major antibody effector mechanisms. Circulating IgD can react with specific bacterial proteins, such as the IgD binding protein of Moraxella catarrhalis, independent of the variable regions of the antibody. (40) The binding of these bacterial proteins to the constant region of IgD results in B cell stimulation and activation.
While the membrane-bound form of IgD that has been more extensively studied; even here its function remains poorly understood. Similar to IgM, membrane bound IgD is associated with CD79a and CD79b for signaling. IgD is expressed on the membranes of B cells when they leave the bone marrow and populate secondary lymphoid organs. Most IgD + B cells also co-express IgM and both participate in B cell receptor signaling through CD79a and CD79b. IgD can replace IgM and vice versa on IgD + IgM + B cells. It has been proposed that membrane bound IgD regulates B cell fate at specific developmental stages through changes in activation status. (41) IgG-IgG is the predominant isotype found in the body. It has the longest serum half-life of all immunoglobulin isotypes. It is also the most extensively studied class of immunoglobulins. Based on structural, antigenic and functional differences in the constant region of the heavy chain, and CH1 and CH3 in particular, four IgG subclasses (IgG1, IgG2, IgG3 and IgG4) were identified. These IgG subclasses were numbered in reference to the rank order (IgG1>IgG2>IgG3>IgG4) of the serum levels of these antibodies in the blood of normal, healthy individuals living in an affluent western European environment. The differences in the CH domains affect antibody flexibility and functional affinity, some of which facilitate cooperative interactions with multivalent antigens. The mobility or flexibility of the F(ab) and the Fv portions of the antibody are primarily controlled by the CH1 domain and hinge region. The IgG subclasses exhibit different functional activities. Activation of the complement cascade is an important means of clearance of opsonized pathogens. While IgG4 is the only subclass that fails to fix complement; affinity for C1q, which is the first component of the complement pathway and which binds to the CH2 domain of IgG, differs between members of the other three IgG subclasses, with IgG3>IgG1>IgG2. There are also defined differences in the affinity to the three classes of FcγR (I, II and III). IgG1 and IgG3 bind to all three FcγR classes. IgG4 binds only FcγRII and III, albeit significantly weaker than the binding of IgG1. And IgG2 binds only to FcγRII.
There are also similarities within the subclasses such as transplacental transport and participation in the secondary immune response. Within the secondary antibody response, there is skewing in the predominant subclass that is induced. For example, IgG1 and IgG3 antibodies are generally induced in response to protein antigens whereas IgG2 and IgG4 are associated with polysaccharide antigens. The response to a given antigen can also result in a skewed IgG subclass response and this is frequently as source of investigation as to correlates of protection or for the design of vaccines.
Specific subclasses may be associated with individual disease processes. For example, in pemphigus vulgaris, a mucocutaneous blistering disease, IgG4 antibodies to desmoglein 3 are pathogenic (42, 43) whereas first degree relatives with IgG1 autoantibodies to the same protein show no evidence of the disease.
IgG antibodies also contribute directly to an immune response including neutralization of toxins and viruses. Here again, IgG subclass impacts on the outcome of this interaction. In HIV, it has been shown that IgG3 antibodies may be more effective at neutralizing virus than IgG1 antibodies, presumably through an increase in antibody flexibility improving antibody access or inducing changes in the oligomer structure of the virus. (44, 45) IgA-IgA serum levels tend to be higher than IgM, but considerably lower levels than IgG. Conversely, IgA levels are much higher than IgG at mucosal surfaces and in secretions, including the saliva and breast milk (46) . In particular, IgA can contribute up to 50% of the protein in colostrum, the 'first milk' given to the neonate by the mother. While generally a monomer in the serum, IgA at the mucosa, termed secretory IgA (sIgA), is a dimer (sometimes trimer and tetramer) associated with a J-chain and another polypeptide chain, the secretory component (discussed below). Similar to IgM, the CH3 domains of IgA have short tailpieces to which the J-chain binds via disulfide bonds whereas the secretory component is disulfide bonded to one of the CH2 domains of the dimer. There are two subclasses of IgA, IgA1 and IgA2, whose structures differ mainly in their hinge regions. IgA1 has a longer hinge region with a duplicated stretch of amino acids that is lacking in IgA2. This elongated hinge region increases the sensitivity of IgA1 to bacterial proteases in spite of partial protection by glycans. Such increased protection against protease digestion may explain why IgA2 predominates in the many mucosal secretions, such as the genital tract, whereas more than 90% of serum IgA is in the form of IgA1.
IgA is critical at protecting mucosal surfaces from toxins, virus and bacteria by direct neutralization or by prevention of binding to the mucosal surface. Intracellular IgA may also be important in preventing bacterial or viral infection and/or pathogenesis. The polymeric nature of secretory IgA may be particularly important. For example, polymeric IgA is more effective than monomeric IgA at preventing Clostridium difficile toxin A damage to epithelial cells. (47) While complement fixation by IgA does not appear to be a major effector mechanism at the mucosal surface, the IgA receptor is expressed on neutrophils which may be activated to mediate ADCC locally. As described above, specific bacteria may be trapped by the glycans on IgA. Finally, it has been proposed that sIgA may also act as a potentiator of the immune response in intestinal tissue by uptake of antigen to dendritic cells. (48) IgE-Though it is present at the lowest serum concentration with the shortest half-life, IgE is a very potent immunoglobulin. It is associated with hypersensitivity and allergic reactions as well as the response to parasitic worm infections. IgE binds with extremely high affinity to the FcεRI which is expressed on mast cells, basophils, Langerhans cells and eosinophils. Circulating IgE upregulates FcεR expression on these cells. The combination of strong binding and upregulation of FcεR expression contributes to the remarkable potency of this immunoglobulin.
Recently, there has been the development of anti-IgE antibodies as therapy for allergy and asthma. (49) Antibodies are designed to target free IgE as well as B cells with membrane bound IgE but not IgE bound to FcεR as the latter would stimulate degranulation and the release of inflammatory mediators. IgE has a much lower affinity for FcεRII or CD23, which is expressed both on the same cells as FcεRI as well as B cells, NK cells and platelets.
Higher Order Structures
The J chain-The J-chain is a relatively conserved, 15-16kd polypeptide (137 amino acids) incorporated into polymeric IgA or IgM in the antibody producing cell during the secretory pathway. There are six cysteine residues for intrachain disulfide bonds plus the two cysteines for attachment to IgA or IgM tailpiece. There is a single N-linked glycan which contributes approximately 8% of the mass to the molecule. This glycan is critical to association with monomeric IgA. While the J-chain is produced by B cells, it is not necessarily produced by all B cells. It appears J-chain expression may be restricted to those areas, such as the lamina propria, in which mucosal antibody is important as opposed to B cells in the distal bone marrow. Free J-chain is not found outside the cell and is only found as part of the pIg complex. It has been shown that J-chain is essential for polymerization and secretion of IgA. In contrast, pentameric IgM requires J-chain for secretion (but not formation), and hexameric IgM does not require J-chain at all.
Dimers, pentamers and hexamers-Polymeric
Ig is generally more effective than monomeric Ig in terms of binding to FcR on the cell surface. As described above, IgA and IgM molecules have the capacity to be naturally expressed as multimeric antibodies. Both Ig have a short tailpiece (18 amino acids) in the CH3 domain with a penultimate cysteine residue to which the J-chain forms a disulfide bond with one of the monomers with the other forming a tailpiece to tailpiece disulfide bond. Typically dimeric structures are formed for IgA and pentameric structures for IgM. 
Fc Receptors FcγR

FcγR
There is another FcγR, the neonatal Fc receptor (FcRn) which was originally shown to mediate the transcytosis of maternal IgG to the neonate. Subsequently, it was determined that the FcRn is also responsible for the regulation of serum IgG levels. IgG binds to FcRn in the acidic environment of the endosomes, which protects it from destruction by lysosomes. The IgG is recycled to the surface and released into circulation by the pH change. The FcRn is saturable and once IgG levels exceed a threshold, it is degraded by the lysosomes. Whereas the CH3 domain of IgG Fc binds to FcγR, it is the CH2-CH3 region that binds to FcRn. Binding is thus independent of the sugar moiety which is attached to the CH2 domain. It should also be noted that binding toFcRn is strictly pH dependent whereas this is not the case with FcγR. Mutagenesis studies have demonstrated that mutations in the Fc region can increase or decrease interactions with FcRn. For example, mutations at positions 250 and 428 of IgG1 resulted in an increase in serum half-life for single mutant M428L and the double mutant T250Q/M428L.(51) Others have shown that a single mutation of human IgG1, N434A and a triple mutant T307A/E380A/N434A also show an enhanced half-life when tested in human FcRn transgenic mice.(52) That affinity for FcRn can be increased, resulting in increased immunoglobulin half-life, suggests that improved therapeutics may be designed to decrease dosing.
FcɛR
The Fc receptors for IgE are also relatively well studied, especially in terms of the development of therapeutic anti-IgE antibodies for the treatment of allergy and asthma as described above. It is the CH3 domain of IgE that binds to FcεRI and CD23; however, there are distinct differences in binding. FcεRI captures both CH3 domains of IgE due to the unique shape of the IgE molecule. On the other hand, CD23 consists of a trimer on the cell surface and two heads of this trimer must separately contact a CH3 domain of IgE for strong binding.
FcαR
The FcR for IgA, CD89, is expressed on myeloid cells including PMN, monocytes, and a population of dendritic cells. There are five exons including two extracellular domains, EC1 and EC2, each of which encodes a single Ig-like domain. IgA binds to membrane distal EC1 in contrast to the usual binding of IgG to the membrane proximal extracellular domain of FcγR. Multiple splice variants have been demonstrated and whereas full-length CD89 binds polymeric IgA with higher affinity than serum IgA, there is no difference in binding to truncated CD89. Signaling through the FcαR is accomplished through the FcR γ-chain which contains an ITAM (immunoreceptor tyrosine-based activation motif) signaling motif. Not all FcαR associate with γ-chain resulting in "γ-less" FcR which endocytoses bound IgA to early endosomes and then recycles IgA back to the cell surface. Cross-linking of FcαR, with an associated γ-chain, results in the activation of a number of signaling molecules in the lipid rafts, calcium release and induction of NADPH oxidase activity. Outside of endocytosis, the biological and cellular functions of PMN following FcαR stimulation are dependent upon tyrosine kinase activity of the associated γ-chain. Crosslinking of FcαR has also been shown to induce effector functions such as phagocytosis and ADCC.
FcδR
The FcR for IgD is less well understood. A receptor for IgD has been reported to be present on human CD4 and CD8 T cells. Its expression is upregulated by mitogenic stimulation of the T cells. Binding of IgD to this putative FcδR is mediated by glycans on the IgD surface and may not necessarily be a function of a defined FcδR. Binding of IgD to receptors with putative FcδR activity on T cells has been proposed to serve as a "bridge" for stimulation of IgD expressing B cells or as antigen presentation by the B cells to the T cells, but this remains controversial.
Immunoglobulin transport
The transport of polymeric Ig (pIg) into mucosal secretions is a function of the polymeric Ig receptor (pIgR). This receptor is found on the basolateral surface of epithelial cells lining the mucosal surface. Membrane bound pIgR is consists of five Ig-like domains (extracellular portion) with a transmembrane and cytoplasmic domain. Polymeric IgA (with the J-chain) binds to the pIgR on the epithelial cell. It is then internalized and transcytosed to the apical cell membrane. The extracellular portion of the pIgR is cleaved to form the secretory component (SC) and covalently associates with the polymeric IgA (pIgA). The complex of pIgA with secretory component forms secretory IgA (sIgA). The SC forms a disulfide link with Cys311 in Cα2 of one of the monomers of the pIgA. While the secretory component is not physically associated with the J chain of the pIgA, the J chain is required for secretory component to associate with pIgA. SC is not covalently linked to pentameric IgM but rather associates non-covalently with pentameric IgM due to excess free SC.
Extensive analysis of the glycosylation patterns of the components of secretory IgA has predicted a model in which most of the molecule is covered in glycans with the exception of the F(ab) or antigen binding sites. In this manner, secretory IgA participates in both the adaptive (antigen binding) and innate (adhesion due to glycans) arms of the immune system. Although the SC does not have a direct role in the biological activity of sIgA, it does confer some protection from proteolytic cleavage after secretion and anchors the sIgA to mucous lining the epithelium. Moreover, as a result of covalent binding of SC to pIgA, sIgA is the most stable immunoglobulin in secretions. 
